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1
SEMICONDUCTOR DEVICE INCLUDING
FLIP-FLOP AND LOGIC CIRCUIT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an object, a method, or a
manufacturing method. In addition, the present invention
relates to a process, a machine, manufacture, or acomposition
of matter. In particular, the present invention relates to, for
example, a semiconductor device, a display device, a light-
emitting device, a power storage device, a driving method
thereof, or a manufacturing method thereof. The present
invention particularly relates to a semiconductor device, a
display device, or a light-emitting device each including an
oxide semiconductor, for example.

2. Description of the Related Art

Patent Document 1 discloses a circuit that includes a plu-
rality of clock buffers and adjusts the timing of a clock signal.
[Reference]

Patent Document 1: Japanese Published Patent Application
No. H10-124553

SUMMARY OF THE INVENTION

An object of one embodiment of the present invention is to
provide a semiconductor device capable of adjusting the tim-
ing of a clock signal. Another object of one embodiment of
the present invention is to provide a high-quality semicon-
ductor device or the like.

An object of one embodiment of the present invention is to
provide a semiconductor device or the like with low oft-state
current. Another object of one embodiment of the present
invention is to provide a semiconductor device or the like with
low power consumption. Another object of one embodiment
of the present invention is to provide an eye-friendly display
device or the like. Another object of one embodiment of the
present invention is to provide a semiconductor device or the
like including a transparent semiconductor layer. Another
object of one embodiment of the present invention is to pro-
vide a semiconductor device or the like including a semicon-
ductor layer with high reliability.

Note that the descriptions of these objects do not disturb the
existence of other objects. In one embodiment of the present
invention, there is no need to achieve all the objects. Other
objects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and
the like.

A semiconductor device of one embodiment of the present
invention includes a first transistor and a circuit including a
second transistor. A region where a channel is formed (also
referred to as channel formation region) in the first transistor
is included in an oxide semiconductor layer. A first signal is
input to one of a source and a drain of the first transistor. The
other of the source and the drain of the first transistor is
electrically connected to a gate of the second transistor. A first
clock signal is input to the circuit. A second clock signal is
output from the circuit. The timing of'the second clock signal
is different from that of the first clock signal.

In the semiconductor device of one embodiment of the
present invention, it is preferable to adjust the timing of the
second clock signal by changing an output current of the
second transistor by the first signal.

A semiconductor device of one embodiment of the present
invention includes a first transistor and a second transistor. A
channel formation region of the first transistor is included in
an oxide semiconductor layer. A first signal is input to one of

20

25

30

40

45

2

a source and a drain of the first transistor. The other of the
source and the drain of the first transistor is electrically con-
nected to a gate of the second transistor. A first clock signal is
input to one of a source and a drain of the second transistor. A
second clock signal is output from the other of the source and
the drain of the second transistor. The timing of the second
clock signal is different from that of the first clock signal.

A semiconductor device of one embodiment of the present
invention includes a first transistor, a second transistor, a first
inverter, and a second inverter. A channel formation region of
the first transistor is included in an oxide semiconductor layer.
A first signal is input to one of a source and a drain of the first
transistor. The other of the source and the drain of the first
transistor is electrically connected to a gate of the second
transistor. A first clock signal is input to one of a source and a
drain of the second transistor through the first inverter. A
second clock signal is output from the other of the source and
the drain of the second transistor through the second inverter.
The timing of the second clock signal is different from that of
the first clock signal.

A semiconductor device of one embodiment of the present
invention includes a first transistor, a second transistor, a first
inverter, a second inverter, and a capacitor. A channel forma-
tion region of the first transistor is included in an oxide semi-
conductor layer. A first signal is input to one of a source and
a drain of the first transistor. The other of the source and the
drain of the first transistor is electrically connected to a gate of
the second transistor. A first clock signal is input to one of a
source and a drain of the second transistor and the second
inverter through the first inverter. The other of the source and
the drain of the second transistor is electrically connected to
one of electrodes of the capacitor. A second clock signal is
output from the second inverter. The timing of the second
clock signal is different from that of the first clock signal.

A semiconductor device of one embodiment of the present
invention includes a first transistor, a circuit comprising a
second transistor, a flip-flop, and a logic circuit. A channel
formation region of the first transistor is included in an oxide
semiconductor layer. An output of the logic circuit is input to
a gate of the first transistor. A first signal is input to one of a
source and a drain of the first transistor. The other of the
source and the drain of the first transistor is electrically con-
nected to a gate of the second transistor. A first clock signal is
input to the circuit. A second clock signal is output from the
circuit to the flip-flop. A second signal and an output signal of
the flip-flop are input to the logic circuit. The timing of the
second clock signal is different from that of the first clock
signal.

In the semiconductor device of one embodiment of the
present invention, the timing of a clock signal can be adjusted.

The semiconductor device of one embodiment of the
present invention includes a transistor in which a channel
formation region is included in an oxide semiconductor layer.
Consequently, a potential corresponding to a signal for
adjusting the timing of the clock signal can be held while the
transistor is off.

The semiconductor device of one embodiment of the
present invention can use an analog signal as the signal for
adjusting the timing of the clock signal, and thus make fine
adjustments to the clock signal.

In the semiconductor device of one embodiment of the
present invention, the clock signal can be adjusted even after
alogic circuit is fabricated. The timing of the clock signal can
be adjusted when a delay time or a time lag between the rising
edges of clock signals is detected by a combinational circuit.



US 9,059,689 B2

3
BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A and 1B are circuit diagrams of semiconductor
devices;

FIG. 2 shows current-voltage characteristics;

FIG. 3 is a circuit diagram of a semiconductor device;

FIG. 4 is a timing chart;

FIG. 5 is a circuit diagram of a semiconductor device;

FIG. 6 is a circuit diagram of a semiconductor device;

FIGS. 7A and 7B are timing charts;

FIGS. 8A and 8B are timing charts;

FIGS. 9A and 9B are circuit diagrams of semiconductor
devices;

FIG. 10 is a circuit diagram of a semiconductor device;

FIGS. 11A and 11B are timing charts;

FIG. 12 is a circuit diagram of a semiconductor device;

FIG. 13 is a circuit diagram of a semiconductor device;

FIG. 14 is a timing chart;

FIG. 15 is a circuit diagram of a semiconductor device;

FIG. 16 is a circuit diagram of a semiconductor device;

FIG. 17 is a cross-sectional view of a semiconductor
device;

FIG. 18 is a block diagram of a CPU; and

FIGS. 19A to 19F each illustrate an electronic device.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention will be described
below with reference to the drawings. Note that the present
invention is not limited to the following description. It will be
readily appreciated by those skilled in the art that various
changes and modifications are possible without departing
from the spirit and scope of the present invention. Therefore,
the present invention should not be construed as being limited
to the following description of the embodiments. Note that in
describing structures of the present invention with reference
to the drawings, reference numerals denoting the same por-
tions are used in common in different drawings.
[Embodiment 1]

FIG. 1A illustrates a semiconductor device 100. The semi-
conductor device 100 includes a transistor 101 and a circuit
102. The circuit 102 includes at least a transistor 141.

A signal 103 is input to a gate of the transistor 101. The
on/off state of the transistor 101 is controlled by the signal
103. A signal 105 is input to one of a source and a drain of the
transistor 101. The other of the source and the drain of the
transistor 101 is electrically connected to a gate of the tran-
sistor 141, and the signal 105 is output to the gate of the
transistor 141.

In the transistor 101, a region where a channel is formed
(i.e., channel formation region) is included in an oxide semi-
conductor layer.

A clock signal 106 is input to the circuit 102. The circuit
102 outputs a clock signal 107.

FIG. 2 shows current-voltage (Id-Vg) characteristics of the
transistor 141. The current Id changes depending on the
potential (Vg) of the signal 105; accordingly, the transistor
141 can be regarded as a variable resistor (R). Note that the
transistor 141 may be provided on a silicon-based semicon-
ductor substrate. Alternatively, a channel of the transistor 141
may be formed in an oxide semiconductor layer.

The clock signal 107 is usually input to a gate of a transistor
109 included in a flip-flop, for example (FIG. 3).

The resistance (R) of the transistor 141 changes depending
on the potential of the signal 105. Using this resistance (R) as
a factor causing propagation delay of the clock signal, the
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timing of the clock signal 107 can be adjusted. FIG. 4 is a
schematic timing diagram of the clock signal 106 and the
clock signal 107. The timing of the rising edge of the clock
signal 107 varies from that of the clock signal 106 by t1 (FIG.
4); t1 can be changed in accordance with the potential of the
signal 105.

The operation of the semiconductor device 100 will be
described.

The signal 103 is input to the transistor 101, and the tran-
sistor 101 is turned on. At this time, the signal 105 is input to
one of the source and the drain of the transistor 101 and then
input to the gate of the transistor 141. The signal 105 canbe an
analog signal corresponding to the adjustment amount of the
timing of the clock signal 107. An analog signal is capable of
making fine adjustments to the clock signal 107.

Next, the transistor 101 is turned off by the signal 103.
Since the channel formation region of the transistor 101 is
included in the oxide semiconductor layer, the off-state cur-
rent of the transistor 101 is extremely low. Thus, a potential
corresponding to the signal 105 is held at a node 104, and this
potential keeps being applied to the gate of the transistor 141.
That is, the signal 105 for adjusting the timing of the clock
signal 107 can be held without change.

The clock signal 106 is input to the circuit 102. Since the
current of the transistor 141 changes depending on the poten-
tial of the signal 105, the clock signal 107 whose timing of the
rising edge is adjusted is output from the circuit 102.

Note that a capacitor 108 may be provided as illustrated in
FIG. 1B. With the capacitor 108, the potential of the node 104
can be held more reliably.

FIG. 5 illustrates a semiconductor device 120 including a
combinational circuit 110, a flip-flop 111, a combinational
circuit 112, and a flip-flop 113. FIG. 6 illustrates a semicon-
ductor device 125 including the combinational circuit 110,
the flip-flop 111, the combinational circuit 112, the flip-flop
113, a semiconductor device 115, and a semiconductor device
116. The semiconductor devices 115 and 116 have a structure
similar to that of the semiconductor device 100 in FIG. 1A.
Note that the flip-flops 111 and 113 and the combinational
circuits 110 and 112 can be known circuits.

The semiconductor device 115 includes a transistor 130
and a circuit 131. The circuit 131 includes at least a transistor
142.

A signal 133 is input to a gate of the transistor 130. A signal
134 is input to one of a source and a drain of the transistor 130.
The other of the source and the drain of the transistor 130 is
electrically connected to a gate of the transistor 142.

A clock signal 1 is input to the circuit 131, and a clock
signal 150 whose timing of the rising edge is adjusted is
output to the flip-flop 111.

The semiconductor device 116 includes a transistor 135
and a circuit 136. The circuit 136 includes at least a transistor
143.

A signal 138 is input to a gate of the transistor 135. A signal
137 is input to one of a source and a drain of the transistor 135.
The other of the source and the drain of the transistor 135 is
electrically connected to a gate of the transistor 143.

A clock signal 2 is input to the circuit 136, and a clock
signal 151 whose timing of the rising edge is adjusted is
output to the flip-flop 113.

Data 1 is input to the combinational circuit 110, and data 2
is output from the combinational circuit 110. The data 2 is
input to the flip-flop 111, and data 3 is output from the flip-
flop 111. The data 3 is input to the combinational circuit 112,
and data 4 is output from the combinational circuit 112. The
data 4 is input to the flip-flop 113, and data 5 is output from the
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flip-flop 113. The data 5 is input to a subsequent combina-
tional circuit 114 (not illustrated).

In the semiconductor device 120 in FIG. 5, there may be a
time lag (t3) between the rising edges of the clock signal 1 and
the clock signal 2, and t3 may deviate significantly from a
delay time (t4) that occurs between the output (Q1) from the
flip-flop 111 and the input (D2) to the flip-flop 113 because of
the combinational circuit 112. As a result, in FIG. 7A, t3+t4
exceeds one clock cycle; this is a setup violation, and the data
4 is not input correctly to the flip-flop 113.

In contrast, in the semiconductor device 125 in FIG. 6, the
timing of the clock signal can be adjusted. Accordingly, the
timing of the clock signal 2 is shifted by the semiconductor
device 116 to decrease t3, whereby t3+t4 can be less than one
clock cycle. As aresult, the data 4 can be input correctly to the
flip-flop 113 (FIG. 7B).

Further, in the semiconductor device 120 in FIG. 5, there
may be a time lag (t6) between the rising edges of the clock
signal 1 and the clock signal 2, and t6 may deviate from a
delay time (t7) that occurs between the output (Q1) from the
flip-flop 111 and the input (D2) to the flip-flop 113 because of
the combinational circuit 112. In FIG. 8A, t7 is shorter than
16; this is a hold violation, and the data 4 is not input correctly
to the flip-flop 113.

In this case, when the timing of the clock signal 2 is shifted
by the semiconductor device 116 so that the clock signal 2
makes a low to high transition at time t8, the data 4 can be
input correctly to the flip-flop 113 (FIG. 8B).

In the fabricated semiconductor device 125, the delay time
may be different from the designed one because of the com-
binational circuits 110 and 112 or the like. Moreover, the time
lag between the rising edges of the clock signal 1 and the
clock signal 2 may be different from the designed one. These
differences may lead to a malfunction of the semiconductor
device 125. However, the clock signals 150 and 151 can be
adjusted in the semiconductor device 125, whereby a mal-
function of the semiconductor device 125 is not caused.
[Embodiment 2]

FIG. 9A illustrates a semiconductor device 200 that is one
embodiment of the present invention. The semiconductor
device 200 includes a transistor 201 and a transistor 230.

A signal 203 is input to a gate of the transistor 201. The
on/off state of the transistor 201 is controlled by the signal
203. A signal 205 is input to one of a source and a drain of the
transistor 201. The other of the source and the drain of the
transistor 201 is electrically connected to a gate of the tran-
sistor 230.

A potential corresponding to the signal 205 is applied to the
gate of the transistor 230. A clock signal 206 is input to one of
a source and a drain of the transistor 230. When the transistor
230 is on, a clock signal 207 is output from the other of the
source and the drain of the transistor 230. Although the tran-
sistor 230 may be either an n-channel transistor or a p-channel
transistor, the case of the n-channel transistor 230 is described
below. Note that the transistor 230 may be provided on a
silicon-based semiconductor substrate. Alternatively, a chan-
nel of the transistor 230 may be formed in an oxide semicon-
ductor layer.

FIG. 2 shows 1d-Vg characteristics of the transistor 230.
The current Id changes depending on the potential (Vg) of the
signal 205 (FIG. 2); accordingly, the transistor 230 can be
regarded as a variable resistor (R). A resistance (R) can be
estimated from the 1d-Vg characteristics of the transistor 230.

The clock signal 207 is output from the other of the source
and the drain of the transistor 230. The outputted clock signal
207 is usually input to a gate of a transistor 239 included in a
flip-flop, for example (FIG. 10).
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In consideration of a gate capacitance (C) of the transistor
239, atime constant (t) determining the rise time of the clock
signal 207 is estimated from the formulat=RC. Note that R is
determined by the Id-Vg characteristics of the transistor 230.

In the case where the transistor 230 is not provided, as
shown in FIG. 11A, the low (L) to high (H) transition is
sharper than that in FIG. 11B. The clock signal changes from
low to high at t=0.

Inthe case where the transistor 230 is provided, the low (L)
to high (H) transition is slow in accordance with a larger time
constant (t) as shown in FIG. 11B. The clock signal rises
slowly from low level at t=0 and reaches high level at t=t2.
Note that t2 can be changed in accordance with the potential
of' the signal 205.

The time constant can be changed when Id of the transistor
230 is changed by the signal 205; thus, the timing of the clock
signal 207 can be adjusted.

Note that a capacitor 208 may be provided as illustrated in
FIG. 9B, in which case the potential of a node 204 can be held
more reliably.

The operation of the semiconductor device 200 will be
described.

The signal 203 is input to the transistor 201, and the tran-
sistor 201 is turned on. At this time, the signal 205 is input to
one of the source and the drain of the transistor 201 and then
input to the gate of the transistor 230. The signal 205 canbe an
analog signal corresponding to the adjustment amount of the
timing of the clock signal 207. An analog signal is capable of
making fine adjustments to the clock signal 207.

Next, the transistor 201 is turned off by the signal 203.
Since the off-state current of the transistor 201 is extremely
low, a potential corresponding to the signal 205 is held at the
node 204, and this potential keeps being applied to the gate of
the transistor 230. That is, the signal 205 for adjusting the
timing of the clock signal 207 can be held without change.

The clock signal 206 is input the transistor 230. The current
1d of the transistor 230 changes depending on the potential
(Vg) of the signal 205. The clock signal 207 whose timing of
the rising edge is adjusted is output from the transistor 230.

FIG. 12 illustrates a semiconductor device 240 including a
combinational circuit 210, a flip-flop 211, a combinational
circuit 212, a flip-flop 213, a semiconductor device 241, and
a semiconductor device 242. The semiconductor device 241
includes a transistor 250 and a transistor 251. The semicon-
ductor device 242 includes a transistor 254 and a transistor
255. The semiconductor devices 241 and 242 have a structure
similar to that of the semiconductor device 200 in FIG. 9A.
Note that the flip-flops 211 and 213 can be known flip-flops,
and the combinational circuits 210 and 212 can be known
circuits.

Data 1 is input to the combinational circuit 210, and data 2
is output from the combinational circuit 210. The data 2 is
input to the flip-flop 211, and data 3 is output from the flip-
flop 211. The data 3 is input to the combinational circuit 212,
and data 4 is output from the combinational circuit 212. The
data 4 is input to the flip-flop 213, and data 5 is output from the
flip-flop 213. The data 5 is input to a subsequent combina-
tional circuit 214 (not illustrated).

A signal 252 is input to a gate of the transistor 250. A signal
253 is input to one of a source and a drain of the transistor 250.
The other of the source and the drain of the transistor 250 is
electrically connected to a gate of the transistor 251. A clock
signal 1 is input to one of a source and a drain of the transistor
251. A clock signal 260 whose timing of the rising edge is
adjusted is output from the other of the source and the drain of
the transistor 251 to the flip-flop 211.
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A signal 256 is input to a gate of the transistor 254. A signal
257 is input to one of a source and a drain of the transistor 254.
The other of the source and the drain of the transistor 254 is
electrically connected to a gate of the transistor 255. A clock
signal 2 is input to one of a source and a drain of the transistor
255. A clock signal 261 whose timing of the rising edge is
adjusted is output from the other of the source and the drain of
the transistor 255 to the flip-flop 213.

Since the semiconductor device 240 includes the semicon-
ductor devices 241 and 242, the timings of the clock signals
260 and 261 can be adjusted as described in Embodiment 1
when there occurs a time lag between the rising edges of the
clock signal 1 and the clock signal 2 or a delay time between
the output (Q1) from the flip-flop 211 and the input (D2) to the
flip-flop 213. Thus, the semiconductor device 240 can operate
normally.

[Embodiment 3]

In the semiconductor device 240 shown in Embodiment 2,
the time constant determining the rise time of the clock signal
depends on the gate capacitance (input capacitance) of the
flip-flops 211 and 213. Here, a semiconductor device that
does not depend on the input capacitance of a flip-flop will be
shown. FIG. 13 illustrates a semiconductor device 300 that is
one embodiment of the present invention. The semiconductor
device 300 includes a transistor 301 and a semiconductor
device 320. The semiconductor device 320 corresponds to the
circuit 102 in Embodiment 1.

The semiconductor device 320 includes an inverter 313, a
transistor 330, and an inverter 314.

A signal 303 is input to a gate of the transistor 301. A signal
305 is input to one of a source and a drain of the transistor 301.
The other of the source and the drain of the transistor 301 is
electrically connected to a gate of the transistor 330.

A potential (Vg) corresponding to the signal 305 is applied
to the gate of the transistor 330. A clock signal 306 is input to
one of a source and a drain of the transistor 330 through the
inverter 313. A clock signal 312 is output from the other of the
source and the drain of the transistor 330 and input to the
inverter 314. A clock signal 307 is output from the inverter
314. That is, the clock signal 306 is input to the semiconduc-
tor device 320, and the clock signal 307 is output from the
semiconductor device 320.

Although the transistor 330 may be either an n-channel
transistor or a p-channel transistor, the case of the n-channel
transistor 330 is described below. Note that the transistor 330,
the inverter 313, and the inverter 314 may be provided on a
silicon-based semiconductor substrate. Alternatively, a chan-
nel formation region of the transistor 330 may be included in
an oxide semiconductor layer.

Although the clock signal 306 is input to the inverter 313
from the inverter 321 in FIG. 13, the inverter 321 may be
provided as needed.

The clock signal 307 is input to a flip-flop 311.

Note that a capacitor 308 can be provided as needed. With
the capacitor 308, the potential of a node 304 can be held more
reliably.

The current 1d of the transistor 330 changes depending on
the potential (Vg) of the signal 305. The time constant (t)
determining the rise time of the clock signal 312 output from
the transistor 330 depends on a gate capacitance (C) of a
transistor in the inverter 314. Thus, the time constant can be
determined only by the semiconductor device 320, so that the
clock signal 307 can be adjusted without depending on the
gate capacitance of a transistor (input capacitance) of the
flip-flop 311 as in Embodiment 2.

For example, in the case where the gate capacitance of the
transistor in the inverter 314 is set as appropriate, the clock
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8
signal 312 can fall slowly as shown in FIG. 14 when the
potential (Vg) of the signal 305 is low (when Vg=Vgl). When
the potential (Vg) of the signal 305 is high (when Vg=Vg2),
the clock signal 312 can fall more sharply than when Vg=Vgl
as shown in FIG. 14.

Accordingly, the timing of the rising edge of the clock
signal 307 output from the inverter 314 can be retarded
largely (Vgl) or retarded a little (Vig2).

The operation of the semiconductor device 300 will be
described.

The signal 303 is input to the transistor 301, and the tran-
sistor 301 is turned on. At this time, the signal 305 is input to
one of the source and the drain of the transistor 301 and then
input to the gate of the transistor 330. The signal 305 canbe an
analog signal corresponding to the adjustment amount of the
timing of the clock signal 307. An analog signal is capable of
making fine adjustments to the clock signal 307.

Next, the transistor 301 is turned off by the signal 303.
Since the off-state current of the transistor 301 is extremely
low, a potential corresponding to the signal 305 is held at the
node 304, and this potential keeps being applied to the gate of
the transistor 330. That is, the signal 305 for adjusting the
timing of the clock signal 307 can be held without change.

The clock signal 306 is input to the transistor 330 through
the inverter 313. The current Id of the transistor 330 changes
depending on the potential of the signal 305. As described
above, the clock signal 312 whose timing of the rising edge is
adjusted is output from the transistor 330 and input to the
inverter 314. The clock signal 307 is output from the inverter
314.

[Embodiment 4]

FIG. 15 illustrates a semiconductor device 400 that is one
embodiment of the present invention. The semiconductor
device 400 includes a transistor 401 and a semiconductor
device 420. The semiconductor device 420 corresponds to the
circuit 102 in Embodiment 1.

The semiconductor device 420 includes an inverter 413, a
transistor 430, an inverter 414, and a capacitor 418.

A signal 403 is input to a gate of the transistor 401. A signal
405 is input to one of a source and a drain of the transistor 401.
The other of the source and the drain of the transistor 401 is
electrically connected to a gate of the transistor 430.

A potential corresponding to the signal 405 is applied to the
gate of the transistor 430. One of a source and a drain of the
transistor 430 is electrically connected to an output of the
inverter 413. The other of the source and the drain of the
transistor 430 is electrically connected to one electrode of the
capacitor 418.

A clock signal 406 is input to the inverter 413. A clock
signal 415 is output from the inverter 413. The clock signal
415 is input to the inverter 414. A clock signal 407 is output
from the inverter 414.

Although the transistor 430 may be either an n-channel
transistor or a p-channel transistor, the case of the n-channel
transistor 430 is described below. Note that the transistor 430,
the inverter 413, and the inverter 414 may be provided on a
silicon-based semiconductor substrate. Alternatively, a chan-
nel formation region of the transistor 430 may be included in
an oxide semiconductor layer.

Although the clock signal 406 is input to the inverter 413
from the inverter 421 in FIG. 15, the inverter 421 may be
provided as needed.

The clock signal 407 is input to a flip-flop 411.

Note that a capacitor 408 can be provided as needed. With
the capacitor 408, the potential of anode 404 can be held more
reliably.
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When the transistor 430 is off, the clock signal 415 is input
to the inverter 414.

When the transistor 430 is on, the clock signal 415 is input
to one of the source and the drain of the transistor 430 as well
as the inverter 414. Then, the clock signal 415 is also input to
the capacitor 418.

Accordingly, when the transistor 430 is on, charge of the
clock signal 415 output from the inverter 413 is held at the
capacitor 418 through the transistor 430 as well as by the
input capacitance of the inverter 414. Thus, the timing of
turning on the inverter 414 is delayed, whereby the timing of
the clock signal 407 can be adjusted.

The current 1d of the transistor 430 changes depending on
the potential (Vg) of the signal 405; accordingly, the transis-
tor 430 can be regarded as a variable resistor (R). The amount
of charge held at the capacitor 418 can be adjusted by chang-
ing the resistance of the transistor 430. Thus, the time before
the inverter 414 is turned on can be adjusted, and the timing of
the clock signal 407 can be adjusted as a result.

The operation of the semiconductor device 400 will be
described.

The signal 403 is input to the transistor 401, and the tran-
sistor 401 is turned on. At this time, the signal 405 is input to
one of the source and the drain of the transistor 401 and then
input to the gate of the transistor 430. The signal 405 can be an
analog signal corresponding to the adjustment amount of the
timing of the clock signal 407. An analog signal is capable of
making fine adjustments to the clock signal 407.

Next, the transistor 401 is turned off by the signal 403.
Since the off-state current of the transistor 401 is extremely
low, a potential corresponding to the signal 405 is held at the
node 404, and this potential keeps being applied to the gate of
the transistor 430. That is, the signal 405 for adjusting the
timing of the clock signal 407 can be held without change.

The clock signal 406 is input to the inverter 413. The
inverter 413 outputs the clock signal 415. The clock signal
415 is input to the inverter 414, one of the source and the drain
of the transistor 430, and the capacitor 418. At this time,
charge is held at the capacitor 418 in accordance with the
resistance of the transistor 430. Thus, the timing of turning on
the inverter 414 is delayed, whereby the timing of the clock
signal 407 can be adjusted.

[Embodiment 5]

FIG. 16 illustrates semiconductor devices 500 and 501 of
one embodiment of the present invention. Each of the semi-
conductor devices 500 and 501 can determine whether a clock
signal input to a flip-flop is adjusted or not.

The semiconductor device 500 includes a combinational
circuit 510, a flip-flop 511, a logic circuit 551, and a semi-
conductor device 515. The semiconductor device 501
includes a combinational circuit 512, a flip-flop 513, a logic
circuit 552, and a semiconductor device 516.

Data 1 is input to the combinational circuit 510, and data 2
is output to the flip-flop 511. Data 3 (a signal 553) is output
from the flip-flop 511 to the combinational circuit 512 and the
logic circuit 551. Data 4 is output from the combinational
circuit 512 to the flip-flop 513. Data (a signal 554) is output
from the flip-flop 513 to a subsequent combinational circuit
514 (not illustrated) and the logic circuit 552.

A clock signal 557 whose timing of the rising edge is
adjusted is input to the flip-flop 511 from the semiconductor
device 515. The semiconductor device 515 includes a tran-
sistor 530 and a semiconductor device 531. The semiconduc-
tor device 531 corresponds to the circuit 102 in Embodiment
1.

The semiconductor device 531 includes at least a transistor
542.
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A signal 555 is input to a gate of the transistor 530 from the
logic circuit 551. A signal 534 is input to one of a source and
a drain of the transistor 530. The other of the source and the
drain ofthe transistor 530 is electrically connected to a gate of
the transistor 542.

A potential corresponding to the signal 534 is applied to the
gate of the transistor 542. A clock signal 1 is input to the
semiconductor device 531, and a clock signal 557 whose
timing of the rising edge is adjusted is output to the flip-flop
511. The way of adjusting the timing of the clock signal 557
is as has been described in Embodiments 1 to 4.

The signal 550 is input to the logic circuit 551. The signal
553 is input to the logic circuit 551 from the flip-flop 511.
When the signal 550 and the signal 553 are both high, the
signal 555 is set high and the transistor 530 is turned on. When
either the signal 550 or the signal 553 is low, the signal 555 is
set low and the transistor 530 is turned off.

A clock signal 558 whose timing of the rising edge is
adjusted is input to the flip-flop 513 from the semiconductor
device 516. The semiconductor device 516 includes a tran-
sistor 535 and a semiconductor device 536. The semiconduc-
tor device 536 corresponds to the circuit 102 in Embodiment
1.

The semiconductor device 536 includes at least a transistor
543.

A signal 556 is input to a gate of the transistor 535 from the
logic circuit 552. The signal 534 is input to one of a source and
a drain of the transistor 535. The other of the source and the
drain ofthe transistor 535 is electrically connected to a gate of
the transistor 543. The signal 534 is also input to the transistor
530. Although the signal 534 is input to both the transistor 530
and the transistor 535 here, a signal different from a signal
input to the transistor 530 may be input to the transistor 535.

A potential corresponding to the signal 534 is applied to the
gate of the transistor 543. A clock signal 2 is input to the
semiconductor device 536, and a clock signal 558 whose
timing of the rising edge is adjusted is output to the flip-flop
513. The way of adjusting the timing of the clock signal 558
is as has been described in Embodiments 1 to 4.

The signal 550 is input to the logic circuit 552. The signal
554 is input to the logic circuit 552 from the flip-flop 513.
When the signal 550 and the signal 554 are both high, the
signal 556 is set high and the transistor 535 is turned on. When
either the signal 550 or the signal 554 is low, the signal 556 is
set low and the transistor 535 is turned off.

Here, a method for adjusting a clock signal input to a
particular flip-flop will be described. A general processor has
a scan chain. Scan chain is a technique of testing sequential
circuits effectively and is a kind of shift register constituted by
connecting flip-flops in series. The state of any given flip-flop
included in the scan chain can be set by input of serial data to
the shift register from a dedicated pin.

In order to adjust only the clock signal 557 input to the
flip-flop 511, the output (Q1) of the flip-flop 511 is set “1”” and
the output (Q2) of the other flip-flop 513 is set “0” with the use
of the scan chain.

Then, when the level of the signal 550 is changed, the
signal 555 is changed in accordance with the signal 550 to
have the same level as the signal 550, and the signal 556 is
always low (“0”). In other words, the on/off state of the
transistor 530 can be controlled, whereas the transistor 535 is
always off.

As above, only the clock signal 557 input to the flip-flop
511 can be adjusted.

[Embodiment 6]

An oxide semiconductor that can be used for a channel of

the transistors in Embodiments 1 to 5 will be described.



US 9,059,689 B2

11

A highly purified oxide semiconductor (purified OS)
obtained by reduction of impurities such as moisture or
hydrogen which serves as an electron donor (donor) and by
reduction of oxygen defects is an intrinsic (i-type) semicon-
ductor or a substantially i-type semiconductor. Thus, a tran-
sistor including a channel in a highly purified oxide semicon-
ductor has extremely low off-state current and high reliability.

Specifically, various experiments can prove low off-state
current of a transistor including a channel in a highly purified
oxide semiconductor. For example, the off-state current of
even an element having a channel width of 1x10° um and a
channel length of 10 um can be less than or equal to the
measurement limit of a semiconductor parameter analyzer,
thatis, less than or equal to 1x107"* A at a voltage between the
source electrode and the drain electrode (a drain voltage) of 1
V to 10 V. In this case, it can be seen that off-state current
standardized on the channel width of the transistor is lower
than or equal to 100 zA/um. In addition, the off-state current
is measured using a circuit in which a capacitor and a tran-
sistor are connected to each other and charge flowing into or
from the capacitor is controlled by the transistor. In the mea-
surement, a highly purified oxide semiconductor film is used
for a channel formation region of the transistor, and the oft-
state current of the transistor is measured from a change in the
amount of charge of the capacitor per unit time. As a result, it
is found that when the voltage between the source electrode
and the drain electrode of the transistoris 3V, alower off-state
current of several tens of yoctoamperes per micrometer (yA/
um) is obtained. Consequently, the off-state current of the
transistor in which a highly purified oxide semiconductor film
is used for a channel formation region is much lower than that
of a transistor including crystalline silicon.

Unless otherwise specified, in this specification, the off-
state current of an n-channel transistor is a current that flows
between a source and a drain when the potential of a gate is
lower than or equal to 0 with the potential of the source as a
reference potential while the potential of the drain is higher
than those of the source and the gate. Moreover, in this speci-
fication, the off-state current of a p-channel transistor is a
current that flows between a source and a drain when the
potential of a gate is higher than or equal to 0 with the
potential of the source as a reference potential while the
potential of the drain is lower than those of the source and the
gate.

An oxide semiconductor preferably contains at least
indium (In) or zinc (Zn). The oxide semiconductor preferably
contains, in addition to In and Zn, gallium (Ga), tin (Sn),
hafnium (Hf), aluminum (Al), and/or zirconium (Zr) that
serve as a stabilizer for reducing variations in electric char-
acteristics of transistors using the oxide semiconductor.

Among the oxide semiconductors, unlike silicon carbide,
gallium nitride, or gallium oxide, In—Ga—Zn-based oxide,
In—Sn—7n-based oxide, or the like has an advantage of high
mass productivity because a transistor with favorable electri-
cal characteristics can be formed by sputtering or a wet pro-
cess. Further, unlike silicon carbide, gallium nitride, or gal-
lium oxide, with the use of the In—Ga—Zn-based oxide, a
transistor with favorable electrical characteristics can be
formed over a glass substrate, and a larger substrate can be
used.

As another stabilizer, one or more kinds of lanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained.
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As the oxide semiconductor, any of the following oxides
can be used, for example: indium oxide, gallium oxide, tin
oxide, zinc oxide, In—Zn-based oxide, Sn—Zn-based oxide,
Al—7n-based oxide, Zn—Mg-based oxide, Sn—Mg-based
oxide, In—Mg-based oxide, In—Ga-based oxide, In—Ga—
Zn-based oxide (also referred to as IGZO), In—Al—Z7n-
based oxide, In—Sn—Zn-based oxide, Sn—Ga—Zn-based
oxide, Al—Ga—Zn-based oxide, Sn—Al—Zn-based oxide,

In—Hf—Zn-based oxide, In—La—Zn-based oxide,
In—Pr—Zn-based oxide, In—Nd—Zn-based oxide,
In—Sm—Zn-based oxide, In—FEu—Zn-based oxide,
In—Gd—Zn-based oxide, In—Tb—Zn-based oxide,
In—Dy—Zn-based oxide, In—Ho—Z7n-based oxide,
In—FEr—Zn-based oxide, In—Tm—Zn-based oxide,
In—Yb—Zn-based oxide, In—Lu—Zn-based oxide,

In—Sn—Ga—Zn-based oxide, In—Hf—Ga—Zn-based
oxide, In—Al—Ga—Zn-based oxide, In—Sn—Al—Zn-
based oxide, In—Sn—Hf—Zn-based oxide, and In—Hf—
Al—Zn-based oxide.

Note that, for example, an In—Ga—Zn-based oxide means
an oxide containing In, Ga, and Zn and there is no particular
limitation on the ratio of In, Ga, and Zn. Further, the
In—Ga—7n-based oxide may contain a metal element other
than In, Ga, and Zn. The In—Ga—Zn-based oxide has suffi-
ciently high resistance when no electric field is applied
thereto, so that off-state current can be sufficiently reduced.
Moreover, the In—Ga—~Zn-based oxide has high mobility.

For example, an In—Ga—Z7n-based oxide with an atomic
ratio of In:Ga:Zn=1:1:1 (=1/3:1/3:1/3) or In:Ga:Zn=2:2:1
(=2/5:2/5:1/5), or an oxide with an atomic ratio close to any of
the above atomic ratios can be used. Alternatively, an
In—Sn—Z7n-based oxide with an atomic ratio of In:Sn:Zn=1:
1:1 (=1/3:1/3:1/3), In:Sn:Zn=2:1:3 (=1/3:1/6:1/2), In:Sn:
Zn=2:1:5 (=1/4:1/8:5/8) or an oxide with an atomic ratio
close to any of the above atomic ratios may be used.

For example, with an In—Sn—Z7n-based oxide, high
mobility can be achieved relatively easily. However, even
with an In—Ga—Zn-based oxide, mobility can be increased
by reducing the defect density in the bulk.

A structure of an oxide semiconductor film is described
below.

The oxide semiconductor film is classified roughly into a
single-crystal oxide semiconductor film and a non-single-
crystal oxide semiconductor film. The non-single-crystal
oxide semiconductor film includes any of an amorphous
oxide semiconductor film, a microcrystalline oxide semicon-
ductor film, a polycrystalline oxide semiconductor film, a
c-axis aligned crystalline oxide semiconductor (CAAC-OS)
film, and the like.

The amorphous oxide semiconductor film has disordered
atomic arrangement and no crystalline component. A typical
example of the amorphous oxide semiconductor film is an
oxide semiconductor film in which no crystal part exists even
in a microscopic region, and the whole of the film is amor-
phous.

The microcrystalline oxide semiconductor film includes a
microcrystal (also referred to as nanocrystal) with a size
greater than or equal to 1 nm and less than 10 nm, for example.
Thus, the microcrystalline oxide semiconductor film has a
higher degree of atomic order than the amorphous oxide
semiconductor film. Hence, the density of defect states of the
microcrystalline oxide semiconductor film is lower than that
of the amorphous oxide semiconductor film.

The CAAC-OS film is one of oxide semiconductor films
including a plurality of crystal parts, and most of the crystal
parts each fit inside a cube whose one side is less than 100 nm.
Thus, there is a case where a crystal part included in the
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CAAC-OS film fits inside a cube whose one side is less than
10 nm, less than 5 nm, or less than 3 nm. The density of defect
states of the CAAC-OS film is lower than that of the micro-
crystalline oxide semiconductor film. The CAAC-OS film is
described in detail below.

In a transmission electron microscope (TEM) image of the
CAAC-OS film, a boundary between crystal parts, that is, a
grain boundary is not clearly observed. Thus, in the CAAC-
OS film, a reduction in electron mobility due to the grain
boundary is less likely to occur.

According to the TEM image of the CAAC-OS film
observed in a direction substantially parallel to a sample
surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal
atom layer has a morphology reflected by a surface over
which the CAAC-OS film is formed (hereinafter, a surface
over which the CAAC-OS film is formed is referred to as a
formation surface) or a top surface of the CAAC-OS film, and
is arranged in parallel to the formation surface or the top
surface of the CAAC-OS film.

On the other hand, according to the TEM image of the
CAAC-OS film observed in a direction substantially perpen-
dicular to the sample surface (plan TEM image), metal atoms
are arranged in a triangular or hexagonal configuration in the
crystal parts. However, there is no regularity of arrangement
of metal atoms between different crystal parts.

From the results of the cross-sectional TEM image and the
plan TEM image, alignment is found in the crystal parts in the
CAAC-OS film.

A CAAC-OS film is subjected to structural analysis with an
X-ray diftraction (XRD) apparatus. For example, when a
CAAC-OS film including an InGaZnO,, crystal is analyzed by
an out-of-plane method, a peak appears frequently when the
diffraction angle (26) is around 31°. This peak is derived from
the (009) plane of the InGaZnO, crystal, which indicates that
crystals in the CAAC-OS film have c-axis alignment, and that
the c-axes are aligned in a direction substantially perpendicu-
lar to the formation surface or the top surface of the CAAC-
OS film.

On the other hand, when the CAAC-OS film is analyzed by
an in-plane method in which an X-ray enters a sample in a
direction substantially perpendicular to the c-axis, a peak
appears frequently when 26 is around 56°. This peak is
derived from the (110) plane of the InGaZnO, crystal. Here,
analysis (¢ scan) is performed under conditions where the
sample is rotated around a normal vector of a sample surface
as an axis (¢ axis) with 20 fixed at around 56°. In the case
where the sample is a single-crystal oxide semiconductor film
of InGaZnO,, six peaks appear. The six peaks are derived
from crystal planes equivalent to the (110) plane. On the other
hand, in the case of a CAAC-OS film, a peak is not clearly
observed even when ¢ scan is performed with 20 fixed at
around 56°.

According to the above results, in the CAAC-OS film hav-
ing c-axis alignment, while the directions of a-axes and
b-axes are different between crystal parts, the c-axes are
aligned in a direction parallel to a normal vector of a forma-
tion surface or a normal vector of a top surface. Thus, each
metal atom layer arranged in a layered manner observed in the
cross-sectional TEM image corresponds to a plane parallel to
the a-b plane of the crystal.

Note that the crystal part is formed concurrently with depo-
sition of the CAAC-OS film or is formed through crystalliza-
tion treatment such as heat treatment. As described above, the
c-axis of the crystal is aligned in a direction parallel to a
normal vector of a formation surface or a normal vector of a
top surface. Thus, for example, in the case where the shape of
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the CAAC-OS film is changed by etching or the like, the
c-axis might not be necessarily parallel to a normal vector of
a formation surface or a normal vector of a top surface of the
CAAC-OS film.

The degree of crystallinity in the CAAC-OS film is not
necessarily uniform. For example, in the case where crystal
growth leading to the CAAC-OS film occurs from the vicinity
of'the top surface of the film, the degree of the crystallinity in
the vicinity of the top surface is higher than that in the vicinity
of the formation surface in some cases. Further, when an
impurity is added to the CAAC-OS film, the crystallinity ina
region to which the impurity is added is changed, and the
degree of crystallinity in the CAAC-OS film varies depending
on regions.

Note that when the CAAC-OS film with an InGaZnO,
crystal is analyzed by an out-of-plane method, a peak of 20
may also be observed at around 36°, in addition to the peak of
20 at around 31°. The peak of 20 at around 36° indicates that
a crystal having no c-axis alignment is included in part of the
CAAC-OS film. It is preferable that in the CAAC-OS film, a
peak of 26 appear at around 31° and a peak of 26 do not appear
at around 36°.

With the use of the CAAC-OS film in a transistor, change
in electric characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small. Thus, the tran-
sistor has high reliability.

Note that an oxide semiconductor film may be a stacked
film including two or more films of an amorphous oxide
semiconductor film, a microcrystalline oxide semiconductor
film, and a CAAC-OS film, for example.

For example, the CAAC-OS film is formed by sputtering
with a polycrystalline metal oxide sputtering target. By col-
lision of ions with the target, a crystal region included in the
target may be separated from the target along an a-b plane; in
other words, sputtered particles having a plane parallel to an
a-b plane (flat-plate-like sputtered particle or pellet-like sput-
tered particle) may flake off from the target. In this case, the
flat-plate-like sputtered particles reach a substrate while
maintaining their crystal state, whereby the CAAC-OS film
can be formed.

The CAAC-OS film is preferably deposited under the fol-
lowing conditions.

Decay of the crystal state due to impurities can be pre-
vented by reducing the amount of impurities entering the
CAAC-OS film during the deposition, for example, by reduc-
ing the concentration of impurities (e.g., hydrogen, water,
carbon dioxide, and nitrogen) that exist in the deposition
chamber or by reducing the concentration of impurities in a
deposition gas. Specifically, a deposition gas with a dew point
of' -80° C. or lower, preferably —100° C. or lower is used.

By increasing the substrate temperature during the depo-
sition, migration of a sputtered particle is likely to occur after
the sputtered particle reaches a substrate surface. Specifically,
the substrate temperature during the deposition ranges from
100° C. to 740° C., preferably from 200° C. to 500° C. By
increasing the substrate temperature during the deposition,
when the flat-plate-like sputtered particle reaches the sub-
strate, migration occurs on the substrate surface; thus, a flat
plane of the flat-plate-like sputtered particle is attached to the
substrate.

It is preferable that the proportion of oxygen in the depo-
sition gas be increased and the electric power be optimized in
order to reduce plasma damage in the deposition. The pro-
portion of oxygen in the deposition gas is 30 vol % or higher,
preferably 100 vol %.

As an example of the target, an In—Ga—Zn-based oxide
target is described below.
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The polycrystalline In—Ga—7Z7n-based oxide target is
made by mixing InO, powder, GaO;.powder, and ZnO,, pow-
der in a predetermined molar ratio, applying pressure, and
performing heat treatment at a temperature of 1000° C. to
1500° C. Note that X, Y, and Z are each a given positive
number. Here, the predetermined molar ratio of InO, powder
to GaOy powder and ZnO, powder is, for example, 2:2:1,
8:4:3,3:1:1, 1:1:1, 4:2:3, or 3:1:2. The kinds of powder and
the molar ratio for mixing powder can be determined as
appropriate depending on the desired target.

Alkali metal is not an element included in an oxide semi-
conductor and thus is an impurity. Likewise, alkaline earth
metal is an impurity when the alkaline earth metal is not a
component of the oxide semiconductor. When an insulating
film in contact with an oxide semiconductor layer is an oxide,
Na, among the alkali metals, diffuses into the insulating film
and becomes Na*. Further, in the oxide semiconductor layer,
Na cuts or enters a bond between metal and oxygen which are
components of the oxide semiconductor. As a result, the char-
acteristics of the transistor deteriorate, for example, the tran-
sistoris placed in a normally-on state due to a negative shift of
the threshold voltage or the mobility is decreased. In addition,
the characteristics of transistors vary. Specifically, the mea-
surement value of a Na concentration by secondary ion mass
spectrometry is preferably 5x10'%cm? or lower, further pref-
erably 1x10'%cm? or lower, still further preferably 1x10'%/
cm? or lower. Similarly, the measurement value of a Li con-
centration is preferably 5x10"%/cm® or lower, further
preferably 1x10"%/cm? or lower. Similarly, the measurement
value of a K concentration is preferably 5x10*%/cm? or lower,
further preferably 1x10'%/cm® or lower.

When metal oxide containing indium is used, silicon or
carbon having higher bond energy with oxygen than indium
might cut the bond between indium and oxygen, so that an
oxygen vacancy may be formed. Accordingly, when silicon or
carbon is contained in the oxide semiconductor layer, the
electric characteristics of the transistor are likely to deterio-
rate as in the case of using alkali metal or alkaline earth metal.
Thus, the concentrations of silicon and carbon in the oxide
semiconductor layer are preferably low. Specifically, the C
concentration or the Si concentration measured by secondary
ion mass spectrometry is 1x10'%/cm?® or lower. In this case,
the deterioration of the electric characteristics of the transis-
tor can be prevented, so that the reliability of a semiconductor
device can be improved.

A metal in the source electrode and the drain electrode
might extract oxygen from the oxide semiconductor layer
depending on a conductive material used for the source and
drain electrodes. In such a case, a region of the oxide semi-
conductor layer in contact with the source electrode or the
drain electrode becomes an n-type region due to the formation
of an oxygen vacancy.

The n-type region serves as a source region or a drain
region, resulting in a decrease in the contract resistance
between the oxide semiconductor layer and the source elec-
trode or the drain electrode. Accordingly, the formation of the
n-type region increases the mobility and on-state current of
the transistor, which achieves high-speed operation of a
switch circuit using the transistor.

Note that the extraction of oxygen by a metal in the source
electrode and the drain electrode is probably caused when the
source and drain electrodes are formed by sputtering or when
heat treatment is performed after the formation of the source
and drain electrodes.

The n-type region is more likely to be formed when the
source and drain electrodes are formed using a conductive
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material that is easily bonded to oxygen. Examples of such a
conductive material include Al, Cr, Cu, Ta, Ti, Mo, and W.

The oxide semiconductor layer is not limited to a single-
layer metal oxide film and may have a stacked structure of a
plurality of metal oxide films. In a semiconductor film in
which first to third metal oxide films are sequentially stacked,
for example, the first metal oxide film and the third metal
oxide film are each an oxide film which contains at least one
of the metal elements contained in the second metal oxide
film and whose lowest conduction band energy is closer to the
vacuum level than that of the second metal oxide film by 0.05
eV or more, 0.07 eV or more, 0.1 eV or more, or 0.15 eV or
more and 2 eV or less, 1 eV or less, 0.5 eV or less, or 0.4 eV
or less. Further, the second metal oxide film preferably con-
tains at least indium in order to increase the carrier mobility.

In the transistor including the above semiconductor film,
when a voltage is applied to the gate electrode so that an
electric field is applied to the semiconductor film, a channel
region is formed in the second metal oxide film, whose energy
at the bottom of the conduction band is the lowest. That is,
since the third metal oxide film is provided between the
second metal oxide film and a gate insulating film, a channel
region can be formed in the second metal oxide film that is
insulated from the gate insulating film.

Since the third metal oxide film contains at least one of the
metal elements contained in the second metal oxide film,
interface scattering is unlikely to occur at the interface
between the second metal oxide film and the third metal oxide
film. Thus, the movement of carriers is unlikely to be inhib-
ited at the interface, which results in an increase in the field-
effect mobility of the transistor.

If an interface level is formed at the interface between the
second metal oxide film and the first metal oxide film, a
channel region is formed also in the vicinity of the interface,
which causes a change in the threshold voltage of the transis-
tor. However, since the first metal oxide film contains at least
one of the metal elements contained in the second metal oxide
film, an interface level is unlikely to be formed at the interface
between the second metal oxide film and the first metal oxide
film. Accordingly, the above structure can reduce variations
in the electrical characteristics of the transistor, such as the
threshold voltage.

Further, it is preferable that a plurality of metal oxide films
be stacked so that an interface level due to impurities existing
between the metal oxide films, which inhibits carrier flow, is
not formed at the interface between the metal oxide films.
This is because if impurities exist between the stacked metal
oxide films, the continuity of the lowest conduction band
energy between the metal oxide films is lost, and carriers are
trapped or disappear by recombination in the vicinity of the
interface. By reducing impurities existing between the films,
acontinuous junction (here, particularly a U-shape well struc-
ture whose lowest conduction band energy is changed con-
tinuously between the films) is formed more easily than the
case of merely stacking a plurality of metal oxide films that
contain at least one common metal as a main component.

In order to form continuous junction, the films need to be
stacked successively without being exposed to the air by
using a multi-chamber deposition system (sputtering system)
provided with a load lock chamber. Each chamber of the
sputtering system is preferably evacuated to a high vacuum
(to about 5x1077 Pa to 1x107* Pa) by an adsorption vacuum
pump such as a cryopump so that water and the like acting as
impurities for the oxide semiconductor are removed as much
as possible. Alternatively, a combination of a turbo molecular
pump and a cold trap is preferably used to prevent back-flow
of'a gas from an exhaust system into a chamber.
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Not only high vacuum evaporation in a chamber but also
high purity of a sputtering gas is necessary to obtain a high-
purity intrinsic oxide semiconductor. As an oxygen gas or an
argon gas used as the sputtering gas, a gas that is highly
purified to have a dew point of —-40° C. or lower, preferably
-80° C. or lower, more preferably —100° C. or lower is used,
so that entry of moisture or the like into the oxide semicon-
ductor film can be prevented as much as possible.

For example, the first metal oxide film and/or the third
metal oxide film can be an oxide film that contains aluminum,
silicon, titanium, gallium, germanium, yttrium, zirconium,
tin, lanthanum, cerium, or hafnium at a higher atomic ratio
than the second metal oxide film. Specifically, the first metal
oxide film and/or the third metal oxide film is preferably an
oxide film with a content of any of the above elements 1.5
times or more, preferably 2 times or more, further preferably
3 times or more that of the second metal oxide film in an
atomic ratio. The above element is strongly bonded to oxygen
and thus has a function of suppressing generation of oxygen
vacancies in the oxide film. Accordingly, the first metal oxide
film and/or the third metal oxide film can be an oxide layer in
which oxygen vacancies are less likely to be generated than in
the second metal oxide film.

Specifically, when both the second metal oxide film and the
first or third metal oxide film are In—M-Zn-based oxide films
and the atomic ratio of the first or third metal oxide film is
In:M:Zn=x,:y,:z, and that of the second metal oxide film is
In:M:Zn=x,:y,:7,, the atomic ratios are set so that y,/x; is
larger than y,/x,. Note that the element M is a metal element
whose bonding strength to oxygen is larger than that of In, and
can be Al, Ti, Ga, Y, Zr, Sn, La, Ce, Nd, or Hf, for example.
The atomic ratios are preferably set so that y,/x; is 1.5 times
or more, preferably 2 times or more, further preferably 3
times or more y,/X,. Here, in the second metal oxide film, y,
is preferably larger than or equal to x, because the transistor
can have stable electrical characteristics. Note that the field-
effect mobility of the transistor is reduced when y, is 3 times
or more X,; accordingly, y, is preferably smaller than 3 times
X,
The thickness of first metal oxide film and the third metal
oxide film ranges from 3 nm to 100 nm, preferably from 3 nm
to 50 nm. The thickness of the second metal oxide film ranges
from 3 nm to 200 nm, preferably from 3 nm to 100 nm, further
preferably from 3 nm to 50 nm.

In the three-layer semiconductor film, the first to third
metal oxide films can be amorphous or crystalline. Note that
the transistor can have stable electrical characteristics when
the second metal oxide film where a channel region is formed
is crystalline; therefore, the second metal oxide film is pref-
erably crystalline.

Note that a channel formation region refers to a region of a
semiconductor film of a transistor that overlaps with a gate
electrode and is located between a source electrode and a
drain electrode. Further, a channel region refers to a region
through which current mainly flows in the channel formation
region.

For example, when an In—Ga—Zn-based oxide film
formed by sputtering is used as the first and third metal oxide
films, a sputtering target that is In—Ga—Z7n-based oxide
containing In, Ga, and Zn at an atomic ratio of 1:3:2 can be
used to deposit the first and third metal oxide films. The
deposition conditions can be as follows, for example: an
argon gas (flow rate: 30 sccm) and an oxygen gas (flow rate:
15 scem) are used as the deposition gas; the pressure is 0.4 Pa;
the substrate temperature is 200° C.; and the DC power is 0.5
kW.
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Further, when the second metal oxide film is a CAAC-OS
film, a sputtering target including polycrystalline In—Ga—
Zn-based oxide containing In, Ga, and Zn at an atomic ratio of
1:1:1 is preferably used to deposit the second metal oxide
film. The deposition conditions can be as follows, for
example: an argon gas (flow rate: 30 sccm) and an oxygen gas
(flow rate: 15 sccm) are used as the deposition gas; the pres-
sure is 0.4 Pa; the substrate temperature is 300° C.; and the
DC power is 0.5 kW.

Note that the end portions of the semiconductor film in the
transistor may be tapered or rounded.

Also in the case where a semiconductor film including
stacked metal oxide films is used in the transistor, a region in
contact with the source electrode or the drain electrode may
be an n-type region. Such a structure increases the mobility
and on-state current of the transistor and achieves high-speed
operation of a semiconductor device. Further, when the semi-
conductor film including the stacked metal oxide films is used
in the transistor, the n-type region particularly preferably
reaches the second metal oxide film part of which is to be a
channel region, because the mobility and on-state current of
the transistor are further increased and higher-speed opera-
tion of the semiconductor device is achieved.

[Embodiment 7]

An example of the semiconductor devices shown in
Embodiments 1 to 5 will be described. FIG. 17 illustrates an
example of a cross-sectional structure of the transistor 101,
the transistor 141, and the capacitor 108 included in the
semiconductor device 100 illustrated in FIG. 1B.

The channel of the transistor 101 is formed in an oxide
semiconductor layer. FIG. 17 shows the case where the tran-
sistor 101 and the capacitor 108 are formed over the transistor
141 that has a channel formation region in a single crystal
silicon substrate.

Note that an active layer in the transistor 141 can be an
amorphous, microcrystalline, polycrystalline, or signal crys-
tal semiconductor film of silicon, germanium, or the like.
Alternatively, the transistor 141 may include an active layer
containing an oxide semiconductor. In the case where all of
the transistors include an active layer containing an oxide
semiconductor, the transistor 101 is not necessarily stacked
over the transistor 141, and the transistors 101 and 141 may be
formed in the same layer.

When the transistor 141 is formed using a thin silicon film,
any of the following can be used, for example: amorphous
silicon formed by sputtering or vapor phase growth such as
plasma-enhanced CVD, polycrystalline silicon obtained by
crystallization of amorphous silicon by laser irradiation, and
single crystal silicon obtained by separation of a surface
portion of a single crystal silicon wafer by implantation of
hydrogen ions or the like into the silicon wafer.

Examples of a semiconductor substrate 1400 where the
transistor 141 is formed are an n-type or p-type silicon sub-
strate, germanium substrate, silicon germanium substrate,
and compound semiconductor substrate (e.g., GaAs sub-
strate, InP substrate, GaN substrate, SiC substrate, GaP sub-
strate, GalnAsP substrate, and ZnSe substrate). As an
example, FIG. 17 shows the case where an n-type single
crystal silicon substrate is used.

The transistor 141 is electrically isolated from other tran-
sistors by an element isolation insulating film 1401. The
element isolation insulating film 1401 can be formed by local
oxidation of silicon (LOCOS), trench isolation, or the like.

Specifically, the transistor 141 includes impurity regions
1402 and 1403 that are formed in the semiconductor substrate
1400 and function as source and drain regions, a gate elec-
trode 1404, and a gate insulating film 1406 between the
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semiconductor substrate 1400 and the gate electrode 1404.
The gate electrode 1404 overlaps with a channel formation
region formed between the impurity regions 1402 and 1403,
with the gate insulating film 1405 placed therebetween.

An insulating film 1409 is provided over the transistor 141.
Openings are formed in the insulating film 1409. A wiring
1410 in contact with the impurity region 1402, a wiring 1411
in contact with the impurity region 1403, and a wiring 1412
electrically connected to the gate electrode 1404 are formed
in the openings.

The wiring 1410 is electrically connected to a wiring 1415
over the insulating film 1409. The wiring 1411 is electrically
connected to a wiring 1416 over the insulating film 1409. The
wiring 1412 is electrically connected to a wiring 1417 over
the insulating film 1409.

An insulating film 1420 and an insulating film 1440 are
formed to be stacked in this order over the wirings 1415 to
1417. An opening is formed in the insulating films 1420 and
1440. A wiring 1421 electrically connected to the wiring 1417
is formed in the opening.

In FIG. 17, the transistor 101 and the capacitor 108 are
formed over the insulating film 1440.

The transistor 101 includes, over the insulating film 1440,
a semiconductor film 1430 containing an oxide semiconduc-
tor; conductive films 1432 and 1433 that function as source
and drain electrodes and are provided over the semiconductor
film 1430; a gate insulating film 1431 over the semiconductor
film 1430 and the conductive films 1432 and 1433; and a gate
electrode 1434 that is provided over the gate insulating film
1431 and overlaps with the semiconductor film 1430 in the
region between the conductive films 1432 and 1433. Note that
the conductive film 1433 is electrically connected to the wir-
ing 1421.

A conductive film 1435 is provided over the gate insulating
film 1431 to overlap with the conductive film 1433. A portion
where the conductive films 1433 and 1435 overlap with each
other with the gate insulating film 1431 placed therebetween
functions as the capacitor 108.

Although FIG. 17 illustrates an example where the capaci-
tor 108 is provided over the insulating film 1440 together with
the transistor 101, the capacitor 108 may be provided below
the insulating film 1440 together with the transistor 141.

An insulating film 1441 and an insulating film 1442 are
formed to be stacked in this order over the transistor 101 and
the capacitor 108. An opening is formed in the insulating
films 1441 and 1442. A conductive film 1443 that is in contact
with the gate electrode 1434 in the opening is provided over
the insulating film 1441.

In FIG. 17, the transistor 101 includes the gate electrode
1434 on at least one side of the semiconductor film 1430.
Alternatively, the transistor 101 may include a pair of gate
electrodes with the semiconductor film 1430 placed therebe-
tween.

In the case where the transistor 101 has a pair of gate
electrodes with the semiconductor film 1430 therebetween,
one of the gate electrodes may be supplied with a signal for
controlling the on/off state of the transistor 101, and the other
of the gate electrodes may be supplied with a potential from
another element. In this case, potentials with the same level
may be supplied to the pair of gate electrodes, or a fixed
potential such as the ground potential may be supplied only to
the other of the gate electrodes. By controlling the level of a
potential supplied to the other of the gate electrodes, the
threshold voltage of the transistor can be controlled.

In FIG. 17, the transistor 101 has a single-gate structure in
which one channel formation region corresponding to one
gate electrode 1434 is provided. Alternatively, the transistor
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101 may have a multi-gate structure in which a plurality of
gate electrodes electrically connected to each other are pro-
vided and thus a plurality of channel formation regions are
included in one active layer.

[Embodiment 8]

In this embodiment, a configuration of a CPU, which is a
semiconductor device according to one embodiment of the
present invention, will be described.

FIG. 18 illustrates a configuration of the CPU of this
embodiment. The CPU illustrated in FIG. 18 mainly includes,
over a substrate 900, an arithmetic logic unit (ALU) 901, an
ALU controller 902, an instruction decoder 903, an interrupt
controller 904, a timing controller 905, a register 906, a reg-
ister controller 907, a bus interface (bus I/F) 908, a rewritable
ROM 909, and a ROM interface (ROM I/F) 920. The ROM
909 and the ROM I/F 920 may be provided over another chip.
The CPU in FIG. 18 is just an example in which the configu-
ration is simplified, and actual CPUs have various configura-
tions according to their intended purpose.

An instruction that is input to the CPU through the bus I/'F
908 is input to the instruction decoder 903 and decoded
therein, and then, input to the AL U controller 902, the inter-
rupt controller 904, the register controller 907, and the timing
controller 905.

The ALU controller 902, the interrupt controller 904, the
register controller 907, and the timing controller 905 perform
various controls based on the decoded instruction. Specifi-
cally, the ALU controller 902 generates signals for control-
ling the operation of the ALU 901. While the CPU is execut-
ing a program, the interrupt controller 904 judges an interrupt
request from an external input/output device or a peripheral
circuit on the basis of its priority or a mask state, and pro-
cesses the request. The register controller 907 generates an
address of the register 906, and reads/writes data from/to the
register 906 in accordance with the state of the CPU.

The timing controller 905 generates signals for controlling
operation timings of the ALU 901, the ALU controller 902,
the instruction decoder 903, the interrupt controller 904, and
the register controller 907. For example, the timing controller
905 is provided with an internal clock generator for generat-
ing an internal clock signal Clk2 based on a reference clock
signal Clk1, and supplies the clock signal Clk2 to the above
circuits.

In the CPU of this embodiment, the timing of Clk2 can be
adjusted when it is different from the timing of Clk1.

This embodiment can be implemented in combination with
any of the above embodiments as appropriate.
[Embodiment 9]

Although the conductive film and the semiconductor film
described in the above embodiments can be formed by a
sputtering method, they may be formed by another method,
for example, a thermal CVD method. Examples of a thermal
CVD method include metal organic chemical vapor deposi-
tion (MOCVD) and atomic layer deposition (ALD).

A thermal CVD method has an advantage that no defect
due to plasma damage is generated since it does not utilize
plasma for forming a film.

Deposition by athermal CVD method may be performed in
such a manner that a source gas and an oxidizer are supplied
to a chamber at a time, the pressure in the chamber is set to an
atmospheric pressure or a reduced pressure, and reaction is
caused in the vicinity of a substrate or over the substrate.

Deposition by an ALD method may be performed in such
a manner that the pressure in a chamber is set to an atmo-
spheric pressure or a reduced pressure, source gases for reac-
tion are sequentially introduced into the chamber, and then
the sequence of the gas introduction is repeated. For example,
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two or morekinds of source gases are sequentially supplied to
the chamber by switching respective switching valves (also
referred to as high-speed valves). For instance, a first source
gas is introduced, an inert gas (e.g., argon or nitrogen) or the
like is introduced at the same time as or after the introduction
of'the first gas so that the source gases are not mixed, and then
a second source gas is introduced. Note that in the case where
the first source gas and the inert gas are introduced at a time,
the inert gas serves as a carrier gas, and the inert gas may also
be introduced at the same time as the introduction of the
second source gas. Alternatively, it is possible that the first
source gas is exhausted by vacuum evacuation instead of the
introduction of the inert gas, and then the second source gas is
introduced. The first source gas is adsorbed on the surface of
a substrate to form a first layer, and then the second source gas
is introduced to react with the first layer. As a result, a second
layer is stacked over the first layer, so that a thin film is
formed. The sequence of the gas introduction is repeated
plural times until a desired thickness is obtained, whereby a
thin film with excellent step coverage can be formed. The
thickness of the thin film can be adjusted by the number of
repetitions of the sequence of the gas introduction; thus, an
ALD method makes it possible to accurately adjust a thick-
ness and thus is suitable for manufacturing a minute FET.

The conductive film and the semiconductor film that are
described in the above embodiment can be formed by a ther-
mal CVD method such as a MOCVD method or an ALD
method. For example, in the case where an In—Ga—7n—0O
film is formed, trimethylindium, trimethylgallium, and dim-
ethylzinc are used. Note that the chemical formula of trim-
ethylindium is In(CH,);. The chemical formula of trimethyl-
gallium is Ga(CH,);. The chemical formula of dimethylzinc
is Zn(CHj;),. Without limitation to the above combination,
triethylgallium (chemical formula: Ga(C,Hs);) can be used
instead of trimethylgallium and diethylzinc (chemical for-
mula: Zn(C,Hs),) can be used instead of dimethylzinc.

For example, in the case where a tungsten film is formed
using a deposition apparatus employing ALLD, a WF gas and
a B,H, gas are sequentially introduced plural times to form an
initial tungsten film, and then a WF gas and an H, gas are
introduced at a time, so that a tungsten film is formed. Note
that a SiH, gas may be used instead of a B,H gas.

In the case where an oxide semiconductor film, for
example, an In—Ga—7n—O film is formed using a deposi-
tion apparatus employing ALD, an In(CH;); gas and an O,
gas are sequentially introduced plural times to form an In—O
layer, a Ga(CH,), gas and an O, gas are introduced at a time
to form a GaO layer, and then a Zn(CH,), gas and an O, gas
are introduced at a time to form a ZnO layer. Note that the
order of these layers is not limited to this example. A mixed
compound layer such as an In—Ga—O layer, an In—7n—0
layer, or a Ga—Z7n—O layer may be formed by mixing of
these gases. Note that although an H,O gas obtained by
bubbling with an inert gas such as Ar may be used instead of
an Oy gas, it is preferable to use an O; gas, which does not
contain H. Further, instead of an In(CHj); gas, an In(C,H,),
gas may be used. Instead of a Ga(CHj;), gas, a Ga(C,Hs); gas
may beused. Instead of an In(CH,;); gas, an In(C,H;); may be
used. Furthermore, a Zn(CH;), gas may be used.

The structure described in this embodiment can be com-
bined as appropriate with any of the structures described in
the other embodiments.

[Embodiment 10]

The semiconductor device of one embodiment of the
present invention can be used for display devices, personal
computers, and image reproducing devices provided with
recording media (typically, devices that reproduce the content
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of'recording media such as digital versatile discs (DVDs) and
have displays for displaying the reproduced images). Other
examples of electronic devices that can be equipped with the
semiconductor device of one embodiment of the present
invention are mobile phones, game machines including por-
table game consoles, portable information appliances, e-book
readers, cameras such as video cameras and digital still cam-
eras, goggle-type displays (head mounted displays), naviga-
tion systems, audio reproducing devices (e.g., car audio sys-
tems and digital audio players), copiers, facsimiles, printers,
multifunction printers, automated teller machines (ATM),
and vending machines. FIGS. 19A to 19F illustrate specific
examples of such electronic devices.

FIG. 19A illustrates a portable game console including a
housing 5001, a housing 5002, a display portion 5003, a
display portion 5004, a microphone 5005, speakers 5006, a
control key 5007, a stylus 5008, and the like. Although the
portable game console illustrated in FIG. 19A has the two
display portions 5003 and 5004, the number of display por-
tions included in the portable game console is not limited to
this.

FIG. 19B illustrates a portable information appliance
including a first housing 5601, a second housing 5602, a first
display portion 5603, a second display portion 5604, a joint
5605, an operation key 5606, and the like. The first display
portion 5603 is provided in the first housing 5601, and the
second display portion 5604 is provided in the second hous-
ing 5602. The first housing 5601 and the second housing 5602
are connected to each other with the joint 5605, and the angle
between the first housing 5601 and the second housing 5602
can be changed with the joint 5605. Images displayed on the
first display portion 5603 may be switched in accordance with
the angle at the joint 5605 between the first housing 5601 and
the second housing 5602. A display device with a position
input function may be used as at least one of the first display
portion 5603 and the second display portion 5604. Note that
the position input function can be added by provision of a
touch panel in a display device. Alternatively, the position
input function can be added by provision of a photoelectric
conversion element called a photosensor in a pixel area of a
display device.

FIG. 19C illustrates a laptop including a housing 5401, a
display portion 5402, a keyboard 5403, a pointing device
5404, and the like.

FIG. 19D illustrates an electric refrigerator-freezer includ-
ing a housing 5301, a refrigerator door 5302, a freezer door
5303, and the like.

FIG. 19E illustrates a video camera including a first hous-
ing 5801, a second housing 5802, a display portion 5803,
operation keys 5804, a lens 5805, a joint 5806, and the like.
The operation keys 5804 and the lens 5805 are provided in the
firsthousing 5801, and the display portion 5803 is provided in
the second housing 5802. The first housing 5801 and the
second housing 5802 are connected to each other with the
joint 5806, and the angle between the first housing 5801 and
the second housing 5802 can be changed with the joint 5806.
Images displayed on the display portion 5803 may be
switched in accordance with the angle at the joint 5806
between the first housing 5801 and the second housing 5802.

FIG. 19F illustrates a passenger car including a car body
5101, wheels 5102, a dashboard 5103, lights 5104, and the
like.

This application is based on Japanese Patent Application
serial No. 2013-010783 filed with Japan Patent Office on Jan.
24,2013, the entire contents of which are hereby incorporated
by reference.
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What is claimed is:

1. A semiconductor device comprising:

a first transistor;

a circuit including a second transistor;

a flip-flop; and

a logic circuit,

wherein a channel of the first transistor is included in an

oxide semiconductor layer,

wherein an output of the logic circuit is input to a gate of the

first transistor,

wherein a first signal is input to one of a source and a drain

of the first transistor,

wherein the other of the source and the drain of the first

transistor is electrically connected to a gate of the second
transistor,

wherein a first clock signal is input to the circuit,

wherein a second clock signal is output from the circuit to

the flip-flop,

wherein a second signal and an output signal of the flip-flop

are input to the logic circuit, and

wherein a timing of the second clock signal is different

from a timing of the first clock signal.

2. The semiconductor device according to claim 1, wherein
part of the second transistor is formed in a semiconductor
substrate.

3. The semiconductor device according to claim 2, wherein
the oxide semiconductor layer is formed over the semicon-
ductor substrate.

4. The semiconductor device according to claim 1, incor-
porated in one selected from the group consisting of a por-
table game console, a portable information appliance, a lap-
top, an electric refrigerator-freezer, a video camera, and a
passenger car.
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5. A semiconductor device comprising:

a first transistor;

a circuit including a second transistor;

a flip-flop;

a combinational circuit electrically connected to the flip-

flop; and

a logic circuit,

wherein a channel of the first transistor is included in an

oxide semiconductor layer,

wherein an output of the logic circuit is input to a gate of the

first transistor,

wherein a first signal is input to one of a source and a drain

of the first transistor,

wherein the other of the source and the drain of the first

transistor is electrically connected to a gate of the second
transistor,

wherein a first clock signal is input to the circuit,

wherein a second clock signal is output from the circuit to

the flip-tlop,

wherein a second signal and an output signal of the flip-flop

are input to the logic circuit, and

wherein a timing of the second clock signal is different

from a timing of the first clock signal.

6. The semiconductor device according to claim 5, wherein
part of the second transistor is formed in a semiconductor
substrate.

7. The semiconductor device according to claim 6, wherein
the oxide semiconductor layer is formed over the semicon-
ductor substrate.

8. The semiconductor device according to claim 5, incor-
porated in one selected from the group consisting of a por-
table game console, a portable information appliance, a lap-
top, an electric refrigerator-freezer, a video camera, and a
passenger car.



